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Antibacterial activity of oxyresveratrol against
methicillin-resistant Staphylococcus aureus and its mechanism
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Abstract. Oxyresveratrol (ORV) is a naturally occurring
compound found in mulberries that exhibits a wide spectrum
of biological activities. However, the underlying mechanism of
the action of ORV against the methicillin-resistant S. aureus
(MRSA) pathogen has not yet been reported. MRSA is
multidrug-resistant, causing skin and other types of infections.
The aim of the present study was to examine the antimicrobial
activity of ORV and the underlying mechanism of its action
on MRSA. The antibacterial activity of ORV was evaluated
using a minimum inhibitory concentration (MIC) assay, and
the mechanism of its antibacterial action on S. aureus was
investigated using a combination of ORV with detergent,
ATPase inhibitors and peptidoglycan (PGN). In addition, the
survival characteristics and changes in MRSA morphology
were monitored using transmission electron microscopy
(TEM). The MIC value of ORV against all S. aureus strains
was found to be 125 pg/ml. The optical density at 600 nm of
each suspension treated using a combination of ORV with
Triton X-100, N,N'-dicyclohexylcarbodiimide or sodium azide
was reduced by 68.9-89.8% compared with the value upon
treatment with ORV alone. In the ORV and PGN combination
assay, direct binding of ORV with PGN from S. aureus was
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evident. Furthermore, TEM examination of MRSA treated
with ORV showed alterations in septa formation. In conclu-
sion, these results showed that ORV has a strong antibacterial
effect against S. aureus, mainly by increasing membrane
permeability and inhibiting ATPase when combined with
other drugs.

Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a
prominent human pathogen that is known for causing skin
infections, as well as hospital-acquired pneumonia, osteomy-
elitis and abscesses (1); MRSA may also result in considerable
morbidity and mortality in orthopedic patients. The mortality
rate of MRSA bacteremia is twice as high as that of patients
with methicillin-sensitive Staphylococcus aureus (MSSA) (2).
In addition, the complication rate and cost of periprosthetic
joint infection due to MRSA is considerably higher compared
with that in MSSA infection (3). Patients receiving orthopedic
implants are highly vulnerable due to the possibility of biofilm
formation and long-term morbidity (4,5). Currently, the inci-
dence of MRSA in orthopedic departments is increasing (6).
MRSA strains are resistant not only to 3-lactam antibiotics, but
also to fluoroquinolones and other families of antibiotics (7).

The Morus genus is part of the Moraceae family, which
includes 10-16 species of deciduous trees that are found
worldwide (8). For >1,900 years, different parts of the Morus
plants, including the branches, fruit, leaves, bark, shoot and
root, have been used in China as food and herbal medicine (9).
The compounds resveratrol and oxyresveratrol (ORV) are
present in the Morus plants and have been revealed to possess
antioxidant activity (10). A previous study reported that ORV
inhibited the production of prostaglandin E, and nitrogen
oxide (NO), the expression of inducible NO synthase (iNOS)
and the activation of nuclear factor-kB in macrophages, while
consistently reducing carrageenan-induced edema in a mouse
model (11).
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ORV,apolyphenolic stilbene, is abundantly derived from the
heartwood of the traditional Thai plant, Artocarpus lakoocha
Roxburgh, which belongs to the Moraceae family (12,13). This
compound has been demonstrated to have an inhibitory effect
on the growth of Herpes simplex virus (HSV)-1 and HSV-2
wild types, drug-resistant HSV-1 strains (14), clinical isolates
of HSV-1 and HSV-2 (15), in addition to numerous varicella
zoster virus (VZV) strains, including the wild type, thymi-
dine kinase-deficient and DNA polymerase VZV mutants
in vitro (16). Numerous biological activities of ORV have
also been reported, including tyrosinase-inhibition (17) and
antioxidant (18) and anthelmintic activities (19). Topical appli-
cation of 30% w/w ORV in petroleum jelly suspension was
reported to provide superior therapeutic efficacy compared
with oral treatment with ORV for cutaneous HSV-1 infection
in mice (14).

However, the antibacterial capacity and mechanism of ORV
against Staphylococcus aureus (S. aureus) remain unknown.
Therefore, the present study investigated the antibacterial
activities of ORV alone or in combination with bacterial
membrane-binding agents, including Triton X-100 (TX),
sodium azide (NaN;) and N,N'-dicyclohexylcarbodiimide
(DCCD). In addition, the effects of adding peptidoglycan
(PGN; derived from S. aureus) into Miiller-Hinton broth
(MHB) containing ORV alone were also examined. The aim
of the present study was to gain an insight into the antibacterial
activity, survival characteristics and changes in the bacterial
morphology and mechanism of ORV against MRSA.

Materials and methods

Isolation and purification of ORV. ORV (purity, >96.32%) was
provided by the Standardized Material Bank for New Botanical
Drugs (no. NNMBP000018) at Wonkwang University (Iksan,
Korea). Twigs from the Morus alba plant were supplied by
the Herbal Medicine Co-operative Association of Jeonbuk
Province (Iksan, Korea) in October 2010. EtOH (2 litres) was
added to 2 kg of dried Morus alba twigs for 20 days at room
temperature. The dried residue of the EtOH extract (101 g)
was dissolved in 40% aqueous MeOH (1 1) and separated
with n-hexane (800 ml, twice), CH,Cl, (800 ml, twice) and
EtOAc (800 ml, twice), successively. A column (5x16 cm)
filled with Sephadex LH-20 (GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA) was used to perform chromatography
on the soluble fraction of CH,Cl, (8.53 g); CH,Cl,-MeOH
(ratio, 4:1 to 1:1, for each volume of 300 ml) was used to
obtain four fractions (denoted A-D). Next, the soluble frac-
tion of EtOAc (4.83 g) was separated by chromatography on
a silica gel (250 g) column using CH,Cl,-MeOH (ratio, 8:1
to 4:1, for each volume of 600 ml) in order to obtain three
additional fractions (denoted E-G). Subsequently, a silica gel
(150 g) column (eluent, n-hexane-acetone, at a ratio of 1:1)
was used to perform chromatography on fraction E (2.77 g), a
fraction chosen due to its abundance of ORV. The sample was
further purified by Sephadex LH-20 column chromatography
(2.5x20 cm; eluent, CH,Cl1,-MeOH, at a ratio of 4:1) in order to
obtain ORV (1.12 g, 0.056% w/w). The structure of ORV was
then identified by mass spectrometry [using a Q-TOF micro
LC-MS/MS instrument (Waters Corporation, Manchester,
UK) located at Korea University, Seoul, Korea] and nuclear
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Table I. Determination of the mecA gene status of the S. au-
reus strains used.

mecA P-lactamase  Antibiotic
S. aureus strain ~ Class  gene activity resistance
ATCC 33591 MRSA + + AM, OX
ATCC 25923 MSSA - - -
Clinical isolates
DPS-1 MRSA + + AM, OX
DPS-2 MRSA + - AM, OX
DPS-3 MRSA + + AM, OX

S. aureus, Staphylococcus aureus; ATCC, American Type Culture
Collection; MRSA, methicillin-resistant S. aureus; AM, ampicillin;
0OX, oxacillin; MSSA, methicillin-sensitive S. aureus; DPS, strain
from the Department of Plastic Surgery, Wonkwang University
Hospital.

magnetic resonance analyses [recorded in CDC]; or acetone-d,
using a JNM ECX-400 spectrometer (JEOL, Ltd., Tokyo,
Japan) operating at 400 MHz for 'H and at 100 MHz for *C]
in accordance with our previous study (20).

Reagents. Miieller-Hinton agar (MHA) and MHB, as nutrient
media, were purchased from BD Biosciences (Franklin Lakes,
NIJ, USA). NaN; and PGN were obtained from Sigma-Aldrich
(Buchs, Switzerland) and TX, DCCD, purified lipopolysac-
charide (LPS), ampicillin (AM), oxacillin (OX), gentamicin
(GT), vancomycin (VC), norfloxacin (NR) and ciprofloxacin
(CP) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Bacterial strains and growth conditions. Three clinical isolates
of MRSA (DPS-1, -2 and -3) were obtained from three different
patients of the Department of Plastic Surgery, Wonkwang
University Hospital (Iksan, Korea), in accordance with the
methods used in a previous study (1). Two additional strains
were purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA); these were the S. aureus
strains ATCC 33591 (methicillin-resistant) and ATCC 25923
(methicillin-susceptible) (Table I). Prior to the experiments,
all strains were stored in 30% glycerol and frozen at -70°C.
The bacterial strains were inoculated onto MHA plates and
incubated at 37°C for 24 h.

Antimicrobial resistance testing. Testing for mecA gene
activity was used to identify staphylococci resistant to
P-lactam antibiotics (21). Detection of the mecA gene in
MRSA strains (Table I) was performed by polymerase chain
reaction amplification, as follows: Prior to DNA extraction,
bacteria stock cultures were subcultured twice onto MHA
plates. For rapid extraction, 1-5 bacterial colonies were
suspended in 300 pl of buffer from the Easy-RED BYF total
RNA extraction kit (Intron Biotechnology, Inc., Seongnam,
Korea) and heated at 100°C for 20 min. After centrifugation
at 10,000 x g for 10 min, 2 ul of the supernatant was used
for the DNA extraction. cDNA was synthesized from RNA at
42°C for 60 min using a Power cDNA synthesis kit (Intron
Biotechnology, Inc.). PCR reactions were performed using 2 ul
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Table I1. S. aureus strains used in the experiments and MIC.
MIC (pg/ml)

S. aureus strain Class ORV AM OX VvC GT NR CP
ATCC 25923 MSSA 125 31.25 125 39 62.5 15.6 31.25
ATCC 33591 MRSA 125 1,000 500 1.95 31.25 250 500
DPS-1 MRSA 125 1,000 1,000 1.95 250 31.25 125
DPS-2 MRSA 125 1,000 1,000 39 125 31.25 125
DPS-3 MRSA 125 1,000 1,000 1.95 125 31.25 125

S. aureus, Staphylococcus aureus; MIC, minimum inhibitory concentration; ORV, oxyresveratrol; AM, ampicillin; OX, oxacillin; VC, vanco-
mycin; GT, gentamicin; NR, norfloxacin; CP, ciprofloxacin; ATCC, American Type Culture Collection; MSSA, methicillin-sensitive S. aureus;
MRSA, methicillin-resistant S. aureus; DPS, strain from the Department of Plastic Surgery, Wonkwang University Hospital.

of cDNA per reaction and an MRSA Primer mix kit (Genotek
Co., Daejeon, Korea) in a total reaction volume of 20 ul. The
PCR amplification consisted of 30 cycles (94°C, 60 sec; 55°C,
60 sec; 72°C, 60 sec). The final PCR products were separated
on a 2% agarose gel. B-lactamase activity, indicating antibiotic
resistance, was determined using a B-lactamase activity assay
kit (Sigma-Aldrich), according to the manufacturer's protocol.

Antibacterial susceptibility experiments. The minimum
inhibitory concentration (MIC) was determined using a broth
micro-dilution method, in accordance with the Clinical and
Laboratory Standards Institute guidelines (22). Briefly, an
inoculum of the microorganisms from the MHA plates was
prepared by growing the microorganism in a two-fold dilution
of ORV in MHB for 24 h. Next, the suspension was adjusted to
a 0.5 McFarland standard turbidity [~1.5x10® colony-forming
units (CFU)/ml], with the final inoculums adjusted to
1.5x10° CFU/ml. The MIC was defined as the lowest concen-
tration of ORV and the various antibiotics that inhibited
microorganism growth following incubation at 37°C for
24 h in well plates. Subsequent to the incubation period, the
well plates were visually examined for turbidity. Cloudiness
indicated that bacterial growth had not been inhibited by the
concentration of antimicrobial agent contained in the medium.
The antibiotics AM, OX, GT, VC, NR and CP were used in
comparisons of MIC with ORV-only conditions (Table II) (21).

Antibacterial activity with detergent or ATPase inhibitors. The
antibacterial activity of ORV in the presence of a detergent, TX,
was analyzed to elucidate whether the antibacterial activity of
ORYV was associated with altered membrane permeability. The
activity of ORV in the presence of ATPase-inhibiting agents,
DCCD and NaNj, was also examined to determine whether it
was associated with multidrug resistance. In order to determine
the detergent-induced permeabilization, ORV was mixed with
TX (23), since the non-ionic detergent TX is known to greatly
increase antibiotic sensitivity (24). DCCD and NaNj, two
metabolic inhibitors that decrease the ATP levels by disrupting
electrochemical proton gradients in bacteria (25,26), were used
as ATPase inhibitors. The antibacterial activity of 62.5 ug/ml
ORYV was measured in the presence of 0.1% TX, 0.001% NaN,
and 6.25 ug/ml DCCD compared to that of ORV alone, deter-
mined by a reading of absorbance [or optical density measured

at a wavelength of 600 nm (ODy,)] using an Epoch microplate
spectrophotometer (Bio-Tek Instruments, Inc., Winooski, VT,
USA). This measurement was indicative of cell proliferation.

Effect of exogenous PGN on ORV activity. ORV may bind to
the cell wall and disrupt its integrity. To confirm the action of
ORYV upon addition of exogenous PGN, ORV + PGN combi-
nation assays were performed using the method described by
Zhao et al (27). These assays were used to determine whether
ORYV directly binds to PGN or disrupts the integrity of the cell
wall when the same concentrations of ORV and PGN were
combined (0-62.5 pug/ml, i.e. up to 50% of the MIC of ORV).
LPS was used as a control.

Transmission electron microscopy (TEM). Exponential-phase
MRSA cultures were prepared using overnight cultures incu-
bated in MHB at 37°C until they reached the mid-logarithmic
phase of growth (21). Subsequently, the MHB-grown expo-
nential-phase MRSA cultures were treated with ORV at 50%
of the MIC, and at the MIC dose for 30 min. Subsequent to
the treatment, 2 ml of the culture was collected by centrifu-
gation at 10,000 x g for 10 min. Following removal of the
supernatant, cell pellets were fixed with modified Karnovsky's
fixative (Electron Microscopy Sciences, Hatfield, PA, USA).
Energy-filtering TEM (Libra 120; Carl Zeiss, Oberkochen,
Germany) was then performed to examine the samples at an
accelerating voltage of 120 kV. Transmitted electron signals
were recorded using a 4k x 4k pixel slow-scan charge-coupled
device camera (Ultrascan 4000 SP; Gatan Inc., Pleasanton,
CA, USA) attached to the electron microscope.

Statistical analysis. All experiments were performed three
times. Data from the experiments are presented as the
mean = SEM. Dunnett's t-test was used for multiple compari-
sons. P-values <0.01 were considered to represent a statistically
significant difference.

Results and Discussion

Antibacterial agents inhibit bacterial growth through a variety
of complex mechanisms, including the disruption of cell
membranes, the inhibition of cell wall, nucleic acid and protein
synthesis and the inhibition of nucleic acid metabolism (28).
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Figure 1. Effect of the membrane-permeabilizing agent, TX, on the suscep-
tibility of Staphylococcus aureus (ATCC 33591) to ORV treatment. Bacteria
viability was determined spectrophotometrically after reincubation for 36 h
with 62.5 yg/ml ORV and 0.1% TX. Data are represented as an average of
three-independent experiments. "P<0.01, vs. ORV alone. TX, Triton X-100;
ORYV, oxyresveratrol; CON, control; ODy,, optical density at 600 nm.
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Figure 2. Effect of the ATPase-inhibitor DCCD on the susceptibility of
Staphylococcus aureus (ATCC 33591) to ORV treatment. The viability of
bacteria was determined spectrophotometrically (ODy,) after incubation for
36 h with 62.5 pg/ml ORV and 6.25 pg/ml DCCD. Data are represented as an
average of three independent experiments. "P<0.01, vs. ORV alone. DCCD,
N,N'-dicyclohexylcarbodiimide; ORV, oxyresveratrol; CON, control; ODy,
optical density at 600 nm.
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Figure 3. Effect of the ATPase-inhibitor NaN; on the susceptibility of
MRSA (ATCC 33591) to ORV. The viability of bacteria was determined
spectrophotometrically (ODy,) after incubation for 24 h with 62.5 ug/ml
ORYV and 0.001% NaN; Data are the mean of three-independent experi-
ments. "'P<0.01, vs. ORV alone. NaN,, sodium azide; MRSA, MRSA,
methicillin-resistant Staphylococcus aureus; ORV, oxyresveratrol; CON,
control; ODy, optical density at 600 nm.
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The initial and most important step in reducing antibiotic resis-
tance is to develop antibiotics from natural products that do
not result in any toxic or other detrimental side effects (1,26).
The development of alternative antimicrobial drugs against
infectious diseases is therefore required.

Our previous study demonstrated the synergistic effects of
combining ORV with antibiotics in the treatment of MRSA,
revealing that combinatorial treatment effectively inhibited
MRSA growth (29). The present study aimed to develop
anti-MRSA agents using novel combinations of ORV and anti-
biotics to directly address the resistance of MRSA bacteria.
Antibacterial susceptibility tests, based on determination of
cell proliferation, demonstrated the inhibitory effect of ORV
against S. aureus compared with antibiotics AM, OX, VC,
GT, NR, and CP. The results of the MIC assay performed on
five strains of S. aureus are presented in Table II. The growth
of MRSA was inhibited at 125 yg/ml ORV. The antibacte-
rial activity of ORV had superior potency to the antibiotics
AM and OX. The MICs of VC, GT, NR and CP were from
1.95-3.9 pg/ml, from 62.5-250 pg/ml, from 15.6-250 pg/ml and
31.25-500 pg/ml, respectively.

To investigate the effects of enhanced membrane perme-
ability and ATPase inhibition, the antibacterial activity of
ORYV was examined in the presence of a detergent (TX) and
two ATPase-inhibiting agents (DCCD and NaNj). TX is a
detergent known to increase the membrane permeability of
various bacterial strains, and to induce the release of lipotei-
choic acid (LTA) from the cell wall of S. aureus (30). LTA, a
major constituent of the cell wall of gram-positive bacteria, is
covalently bonded to the outer portion of PGN and is associ-
ated with the cytoplasmic membrane (23). TX has also been
revealed to reduce methicillin resistance and increase antibi-
otic sensitivity in S. aureus strains (23).

In the present study, S. aureus was demonstrated to have
an increased susceptibility to ORV in combination with TX,
compared with that of ORV alone (62.5 pug/ml), as reported
in Fig. 1. In addition, compared with the ODy, value for ORV
alone (62.5 ug/ml), the ODy, value for the combination of
TX with ORV was reduced by 89.8% (Fig. 1), while bacte-
rial viability in the presence of ORV with DCCD (Fig. 2) and
0.001% NaN; (Fig. 3) was also reduced by 80.5% and 68.9%,
respectively. DCCD impedes the ATP-binding cassette trans-
porter, whilst NaN; is a metabolic inhibitor that reduces the
ATP levels by disrupting the electrochemical proton gradients
in the bacteria (21). In the present study, S. aureus viability was
markedly reduced upon addition of ORV in combination with
ATPase inhibitors (DCCD or NaNj;), compared with the use
of ORV alone (Figs. 2 and 3). These results demonstrate that
the anti-MRSA activity of ORV is enhanced by changes in the
membrane permeability and a reduced ATP level.

The cell wall of gram-negative bacteria typically contains
<10% of PGN, whereas the PGN content in gram-positive
bacteria ranges from 5-95% (31). The gram-positive bacte-
rial cell wall consists of 30-50 PGN sheets outside the cell
membrane, which is important in cell division and osmotic
protection (32). ORV directly binds the cell wall and affects
its integrity. In the present study, ORV-induced inhibition of
bacterial growth (Fig. 4) indicated that ORV interfered with
bacterial biosynthesis. PGN at a dose of 62.5 ug/ml completely
blocked the antibacterial activity of ORYV, indicating the direct
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Figure 4. ORV-blocking effect by exogenous PGN of the S. aureus cell wall.
LPS was used as a control. ORV, oxyresveratrol; PGN, peptidoglycan; LPS,
lipopolysaccharide; MIC, minimum inhibitory concentration; ODy,, optical
density at 600 nm.

binding of ORV with PGN on the cell wall. The cell wall
ORV-binding effect of PGN was confirmed by the addition of
PGN derived from S. aureus into MHB containing ORV alone
(62.5 ug/ml). Under the same conditions, LPS, which was used
as the control, did not demonstrate any such effect.

The cell morphology of ORV-treated cells was observed
using TEM, which confirmed weakening of the cell wall and
Iytic effects of ORV on the S. aureus strain, ATCC 33591 (33).
The micrographs reported in Fig. 5 illustrate the cell wall and
membrane damage following ORV treatment in S. aureus.
The control cells demonstrated normal S. aureus morphology
with distinct septa (Fig. 5A), whereas bacterial cells treated
with ORV at a dose of 62.5 ug/ml (i.e. 50% of the MIC) had a
deformed septum and midline disruption (Fig. 5B). In addition,
upon exposure of S. aureus to a higher dose of ORV (125 pug/
ml, i.e. the MIC), cell division and ghost cells were observed
(Fig. 5C). Distinct septa were rarely discerned in the treated
cells. TEM observation of ORV-treated MRSA cells substanti-
ates the results indicating that ORV treatment induced altered
expression of cell wall- and cell division-associated genes in
MRSA.

In conclusion, the results of the present study suggests
that ORV has antibacterial activity against MRSA. However,
additional in vivo experiments are required to confirm that
ORV may be effective against MRSA infections, which will
be addressed in subsequent studies.
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